Keratinocyte growth factor (KGF) is an important regulator of epidermal homeostasis and repair. Therefore, the identification of KGF target genes in keratinocytes should contribute to our understanding of the molecular mechanisms underlying these processes. In a search for KGF-regulated genes, we identified the gene encoding the nucleoside diphosphate kinase NM23-H1. Apart from a housekeeping function, NM23 proteins are involved in the regulation of many cellular processes as well as in tumor metastasis, but their functions in epidermal homeostasis and repair are largely unknown. Here, we show a high expression of NM23-H1 and NM23-H2 in the KGFresponsive keratinocytes of the hyperproliferative epidermis of mouse skin wounds and of patients suffering from the skin disease psoriasis. To determine if this overexpression is functionally important, we generated HaCaT keratinocyte cell lines overexpressing NM23-H1 and/or -H2. Whereas the enhanced levels of NM23 did not affect cell proliferation in monoculture, NM23-H2 and double transfectants but not NM23-H1 transfectants formed a strongly hyperthickened epithelium in threedimensional organotypic cultures. The abnormal epithelial morphology resulted from enhanced proliferation, reduced apoptosis and alterations in the differentiation pattern. These findings suggest that epidermal homeostasis depends on a tight regulation of the levels of NM23 isoforms.
Introduction
Keratinocyte growth factor (KGF) is a member of the fibroblast growth factor family (FGF7) (Rubin et al., 1989) , which comprises 22 proteins (Ornitz and Itoh, 2001 ). In the skin, KGF is mainly produced by fibroblasts of the dermis and by activated intraepithelial gdT cells. The KGF-responsive cells in this tissue, which express its only known high-affinity receptor, a splice variant of FGFR2 (FGFR2-IIIb), are keratinocytes in the basal and spinous layer of the epidermis as well as hair follicle keratinocytes (reviewed in Werner (1998) ). A series of recent studies revealed that activation of the KGF receptor enhances proliferation, migration and survival of epithelial cells, including keratinocytes of the skin, and at the same time modulates their differentiation (reviewed by Finch and Rubin (2004) ). Furthermore, signaling via the KGF receptor was shown to be crucial for reepithelialization of skin wounds (Werner et al., 1994) . Therefore, the identification of KGFregulated genes should provide insight into the mechanisms underlying epidermal homeostasis and repair.
To characterize the changes in gene expression after binding of KGF to its receptor, we performed differential display reverse transcriptase-ploymerase chain reaction (RT-PCR) and we generated a subtractive cDNA library. For these experiments, we used RNA isolated from quiescent and KGF-stimulated HaCaT keratinocytes. Genes identified so far encode, for example, nucleotide biosynthesis enzymes (Gassmann et al., 1999) , which are required for proliferation, the estrogen-responsive B box protein (Beer et al., 2002) , which initiates early differentiation, and stromelysin-2 (Madlener et al., 1996; Krampert et al., 2004) , which regulates migration. Finally, the transcription factor Nrf2 (Braun et al., 2002; auf dem Keller et al., 2006) and the non-selenium glutathione peroxidase peroxiredoxin 6 (Frank et al., 1997) mediate protection of epithelial cells against cytotoxic agents such as reactive oxygen species. Recently, we also identified the NM23-H1 gene as a target of KGF action.
NM23 proteins comprise a large family of structurally and functionally conserved proteins, also known as 'proteins expressed in non-metastatic cells' (NME) and nucleoside diphosphate kinases (NDPK). They were originally identified as essential housekeeping enzymes required for maintenance of intracellular nucleotide concentrations. They catalyse the transfer of the g-phosphoryl group from nucleoside triphosphates to nucleoside diphosphates (reviewed in Kimura et al. (2000) ). In humans, eight NM23 genes have been identified: NM23-H1 to NM23-H8 (reviewed in Lacombe et al. (2000) ). NM23 genes are highly conserved among species, for example, seven murine genes are known (nm23-m1 to nm23m7, Entrez gene database).
Isoforms H1 and H2 can form homo-or heterohexamers, resulting in different ratios of the respective subunits (Gilles et al., 1991) . This hexameric structure is required for stability as well as for efficient enzyme catalysis (Chang et al. 1996) . Beyond their phosphotransferase activity, NM23-H1 and NM23-H2 have also been implicated in the pathogenesis of tumors (Hailat et al., 1991; Zhang et al., 1997; Wei et al., 2004) and in metastasis (Steeg, 1989; Stahl et al., 1991; Steeg et al., 1993) . Aberrant expression of these proteins rather than mutations in their genes seems to be responsible for these functions (Sager, 1997) . NM23 proteins are also involved in physiological cellular processes, including proliferation and differentiation (Kimura et al., 2000) , cell adhesion and migration (Fournier et al., 2003) , DNA repair (Postel, 2003) and endocytosis (Narayanan and Ramaswami, 2003) . In this study, we identified a novel role of NM23 in the regulation of epidermal homeostasis.
Results
The NM23-H1 and -H2 genes are novel targets of KGF action in keratinocytes To identify novel KGF-regulated genes, we analysed a subtractive cDNA library of quiescent and KGFstimulated HaCaT keratinocytes (Gassmann and Werner, 2000) . One of the clones, we obtained included a fragment of the NM23-H1 cDNA. To confirm the KGF-regulated expression, we performed RNase protection assays (RPAs) with RNAs from quiescent and KGF-treated HaCaT cells. NM23-H1 mRNA levels increased approximately 10-fold within 8 h after addition of KGF (Figure 1a) . A similar regulation was also observed after stimulation with epidermal growth factor (EGF, data not shown). In contrast to NM23-H1, NM23-H2 mRNA levels were only slightly upregulated (about twofold) in HaCaT keratinocytes after treatment with either KGF (Figure 1a ) or EGF (data not shown). In addition, NM23H3 and H6 were also expressed in HaCaT keratinocytes, but their expression was not regulated by KGF as determined by semiquantitative RT-PCR (data not shown).
The KGF-regulated expression of NM23H1 and H2 was confirmed on the protein level by Western blot analysis of cell lysates from KGF-treated cells. Upregulation of the NM23-H1 (19 kDa) and to a lesser extent of the NM23-H2 protein (17 kDa) occurred after 5 and 8 h of KGF treatment (Figure 1b) . The specificity of the bands was confirmed by Western blot analyses with antibodies that had been pre-treated with the immunization peptide. In this case, no signals were obtained (data not shown).
NM23-M1 and -M2 are expressed in the hyperproliferative epidermis of murine skin wounds To determine a possible regulation of NM23-H1 and -H2 expression by KGF in vivo, we analysed their mRNA levels during cutaneous wound repair in mice.
This model was chosen, since high levels of KGF and also of epidermal growth factor receptor ligands are present in skin wounds (Grotendorst et al., 1989; Werner et al., 1992) . RPAs with total RNA from nonwounded skin and from full-thickness excisional wounds at different stages of the healing process revealed that NM23-M1 and -M2 mRNA levels are not altered during this process ( Figure 2 ). As skin wounds contain a large number of different cell types, it may still be possible that NM23 expression is selectively regulated in keratinocytes after injury. To test this possibility, we determined the spatial distribution of NM23-H1 and -H2 mRNAs in wounded skin by in situ hybridization of 5-day wound sections. At this stage after injury, partial re-epithelialization of the wound has occurred, and a Figure 1 KGF-regulated expression of NM23-H1 and NM23-H2 in HaCaT keratinocytes. Cells were rendered quiescent by serum starvation and then treated with KGF as described in Materials and methods. (a) RPAs were performed with total cellular RNA (10 mg) from quiescent and KGF-treated cells to analyse the NM23-H1 (upper panel) and NM23-H2 (lower panel) mRNA levels. As a loading control, the RNA was hybridized with a probe for GAPDH (lower panel). tRNA (50 mg) was used as a negative control. The hybridization probes (1000 c.p.m.) were loaded in the lanes labeled 'probe' and used as size markers. (b) Western blot analysis of whole cell lysates (50 mg) from quiescent and KGFstimulated HaCaT cells. The lysates were analysed for the presence of NM23-H1 and -H2 and of b-actin (loading control).
Novel roles of NM23 proteins S Braun et al thick hyperproliferative epithelium as well as an extensive granulation tissue is present. Weak NM23 expression was detected throughout the entire wound area, reflecting the ubiquitous expression of these genes (Figure 3b and f). A gradient was observed for both mRNAs in epidermal keratinocytes. Highest NM23-H1 and -H2 mRNA levels were found in the hyperproliferative wound epidermis, especially in the basal and the lower suprabasal keratinocytes, whereas the expression was much weaker in normal unwounded skin (Figure 3b, d, f and h) . No specific signals were obtained with the sense riboprobes (Figure 3c and g ). Therefore, NM23-H1 and -H2 expression is obviously upregulated in the KGF-responsive keratinocytes of the wound epidermis, possibly at least in part as a result of enhanced KGF levels in the wound (Werner et al., 1992) . The spatial expression pattern described above was confirmed by immunofluorescence. We localized NM23-H1 and NM23-H2 in wounded back skin at day 5 after injury with an antibody reacting with both NM23 proteins. As shown in Figure 3i , signals were seen in the dermis as well as in the epidermis, again reflecting the ubiquitous expression of these genes. In accordance with the in situ hybridization data, the strongest signal was observed in the hyperproliferative wound epidermis. The specificity of the signal was confirmed by immunostaining without the primary antibody (Figure 3k ) or with the primary antibody that had been pre-treated with the peptide used for immunization (data not shown).
NM23 expression is upregulated in psoriatic skin
Owing to the strong expression of the two nm23 genes in the hyperproliferative wound epithelium we wondered about a potential role of NM23 in hyperproliferative skin diseases. As an example, we chose psoriasis that is characterized by hyperproliferation and abnormal differentiation of keratinocytes (Weinstein et al., 1985; Bernard et al., 1988; Kadunce and Krueger, 1995) and by overexpression of KGF (Finch et al., 1997) . We analysed NM23-H1 and -H2 expression in normal human skin (NM23-H1: n ¼ 7, NM23-H2: n ¼ 3) and in skin of patients suffering from psoriasis (NM23-H1: n ¼ 8, NM23-H2: n ¼ 5). Indeed, NM23-H1 mRNA levels were in average threefold higher in lesioned psoriatic skin compared to healthy control skin (Figure 4 and data not shown), although two psoriatic patients expressed normal levels of NM23-H1. NM23-H2 mRNA levels were only slightly increased (Figure 4 ).
Overexpression of NM23-H1 and/or -H2 does not affect HaCaT cell proliferation but differentiation in monolayer cultures To determine the functional consequences of enhanced NM23-H1 and/or -H2 expression in keratinocytes, we generated stable HaCaT cell lines that overexpress either NM23-H1 or NM23-H2 or both proteins. The cells were analysed for NM23 expression under exponential growth conditions. Two cell lines overexpressing NM23-H1, -H2 or both proteins were selected for further characterization (RNA level: Figure 5a , protein level: Figure 5b ). It is worth noting that the overexpression of NM23-H1 resulted in an upregulation of endogenous NM23-H2 protein ( Figure 5b , lanes 1 and 2). The effect of the overexpression of NM23-H2 on endogenous NM23-H1 was much less pronounced ( Figure 5b , lanes 3 and 4). Thus, in cells overexpressing NM23-H1, both NM23 proteins were expressed at equal levels, whereas an excess of NM23-H2 was found in the cells overexpressing only this protein. In all keratinocyte cell lines transfected with both expression constructs, the levels of NM23-H2 were always higher compared to the levels of NM23-H1.
We first determined whether the overexpression of NM23 genes affects keratinocyte proliferation under exponential growth conditions in monoculture. However, no significant difference in the proliferation rate was observed between NM23-and vector-transfected cells, neither by cell counting (Figure 6a ) nor by BrdU incorporation assays (Figure 6b ).
The four types of transfectants displayed different morphologies. NM23-H2 and double transfectants formed more compact cell islets, which were characterized by higher cell density and an early onset of stratification ( Figure 7a ). This tempted us to speculate about an effect of NM23 overexpression on keratinocyte differentiation. Hence, we determined the expression of keratin 10 (K10), an early marker for keratinocyte differentiation, under exponential growth conditions. Interestingly, the percentage of K10-positive cells was much higher in the cultures of NM23-H2-and Novel roles of NM23 proteins S Braun et al NM23-H1/H2-overexpressing cells compared to controls. This suggests that overexpression of NM23 induces premature differentiation, which quickly withdraws these cells from the proliferating compartment. This interpretation is consistent with the observation that the NM23 transfectants lost the expression of the transgene after a few passages (data not shown). As differentiated cells will not replate upon subculturing, the transfected cells appear to be continuously lost through differentiation and are subsequently overgrown by cells with decreased transgene expression.
To determine the expression levels of endogenous NM23-H1 and -H2 during keratinocyte differentiation in vitro, we differentiated primary human foreskin keratinocytes by growing the cells to confluence and subsequently incubating them in differentiation medium for up to 13 days. Differentiation of primary human keratinocytes under these conditions was monitored by RPA with a K10 specific probe (Figure 7c) . Thereafter, the expression of NM23-H1 and -H2 was assayed. NM23-H1 mRNA was strongly downregulated during differentiation. Differentiation-mediated downregulation was also observed for NM23-H2 mRNA, but to a lesser extent (Figure 7c ). This finding suggests that changes in the ratio between NM23-H1 and -H2 might play a role in keratinocyte differentiation.
Growth and differentiation properties of NM23-H1 and/or -H2 overexpressing HaCaT keratinocytes in an in vivo-like situation To verify that the overexpression of NM23 indeed influences keratinocyte differentiation, we used the Figure 4 Increased expression of NM23 in psoriatic skin. (a) Total RNA (10 mg) isolated from biopsies of normal (ctrl) and psoriatic skin (patient) was analysed by RPA for the presence of NM23-H1 and -H2 transcripts. As a loading control RNA was also hybridized to a GAPDH probe. Lanes labeled 'probe' and 'tRNA': see Figure 1 . (b) The extent of overexpression of NM23-H1 and -H2 compared to control skin (normalized to GAPDH) was quantified and is shown schematically. . This was confirmed by measuring the epithelial area (Figure 8b ). To check whether this hyperthickening is due to increased proliferation, delayed differentiation and/or reduced apoptosis in the NM23-H2 and NM23-H1/H2 cultures, we first performed immunostaining with antibodies against BrdU and cleaved caspase 3. Compared to control cultures, NM23-H2 cultures exhibited a normal proliferation rate but a reduced number of apoptotic cells, whereas Novel roles of NM23 proteins S Braun et al double-transfected cell cultures showed both an increased number of proliferating cells and a reduced number of apoptotic cells (Figure 8c and d) . In the organotypic cultures of all transfectants, BrdU positive cells were restricted to the basal layer, whereas suprabasal, partially differentiated cells did not proliferate (data not shown). The results obtained with the different cultures correlate well with the observed differences in epithelial thickness. Finally, we analysed the differentiation properties of the NM23 overexpressing HaCaT cells. For this purpose we stained sections with antibodies against early (K10) and late (loricrin) differentiation markers. K10 was regularly distributed in the suprabasal layers of control and NM23-H1 overexpressing epithelia (Figure 8e , upper panels). In contrast, expression of this keratin was delayed in cultures with the NM23-H2-and H1/H2-transfected cells and only the more upper layers expressed K10. Furthermore, the distribution of K10 appeared in patches in the double-transfected cells, indicating reduced and less organized differentiation (Figure 8e, lower panels) . Concomitantly, expression of keratin 14 (K14), which is restricted to basal cells in healthy skin, extended to the first suprabasal layers in NM23-H2 and double transfectants (Figure 8e) .
The late differentiation marker loricrin is only faintly expressed in vector-transfected cells (Figure 8f Taken together, these results reveal that changes in the expression levels of NM23-H1 and/or NM23-H2 or in the ratio between these two proteins lead to abnormal proliferation, differentiation, and apoptosis of keratinocytes in organotypic cultures. This suggests that the development of a normal epidermis depends on a tight regulation of the levels of NM23 isoforms.
Discussion
In this study, we identified the protein NM23 as a novel regulator of epidermal homeostasis. This function was first suggested by its identification as a target of KGF and EGF, which are important regulators of keratinocyte proliferation, differentiation and survival. In addition, enhanced NM23 expression was found in the hyperproliferative and poorly differentiated epidermis of wounded and psoriatic skin. Most importantly, we demonstrate that the enhanced expression of NM23 is functionally important, since NM23 overexpression in keratinocytes resulted in a strongly hyperthickened epidermis in an organotypic culture system.
The expression of NM23 in HaCaT keratinocytes correlates with the findings of Wei et al. (2004) and Gromov et al. (2003) , who demonstrated the presence of NM23-M2 in mouse primary keratinocytes and in the epidermal fraction of human skin biopsies, respectively. Furthermore, in situ hybridization and immunohistochemistry of normal and hyperplastic skin showed expression of NM23 in basal cells of the epidermis and its appendages (Figure 3 of this study and Kanitakis et al., 1997; Wei et al., 2004) .
The identification of NM23 as a KGF-regulated gene in keratinocytes pointed to a role of NM23 in epidermal homeostasis and/or repair. Therefore, it was particularly interesting to study its expression during wound healing where high levels of KGF are present (Werner et al., 1992) . Although we could not detect an increase in NM23 mRNA expression after cutaneous injury in mice using RNA pools isolated from normal and wounded skin, we found a particularly strong expression of NM23-H1 and -H2 in the KGF-responsive keratinocytes of the hyperproliferative wound epithelium by in situ hybridization. Thus, upregulation of NM23-H1 mRNA seems to occur in keratinocytes, which constitute only one of several cell types in a skin wound. As keratinocytes are the only cells, which respond to KGF in the skin (Werner, 1998) , this finding suggests that NM23-H1 is also a target of KGF action in vivo. This hypothesis is further supported by the enhanced expression of NM23 in psoriatic skin, where KGF and its receptor are also overexpressed (Finch et al., 1997) . In addition to KGF, ligands of the epidermal growth factor receptor are likely to contribute to the enhanced levels of NM23 in wounded and psoriatic skin, since NM23 expression was also regulated by EGF in cultured keratinocytes and since EGF receptor ligands, such as EGF, TGF-a and amphiregulin are highly expressed in wounded and psoriatic skin (King et al., 1990; Schultz et al., 1991) .
The enhanced expression of NM23 in response to the epithelial mitogens KGF and EGF and its expression in hyperproliferative epidermis is in agreement with previous reports that link NM23-H1 expression to cell proliferative activity (Keim et al., 1992; Igawa et al., 1994) . Interestingly, downregulation of the expression of NM23 proteins in a rat osteosarcoma-derived cell line (UMR-106) by an antisense approach revealed that the H1 isoform is more involved in the proliferative activity than the H2 isoform (Kimura et al., 2000) , a result, which is consistent with the stronger induction of this NM23 subunit by KGF and EGF and its higher expression in psoriatic skin (this study).
In addition to its role in proliferation, involvement of NM23 in epithelial differentiation has been suggested, since NM23 protein accumulated coincidently with the functional differentiation of multiple epithelial tissues in the developing mouse embryo (Lakso et al., 1992) . However, it was as yet unclear if this overexpression is functionally important for the differentiation process. Therefore, we determined the effect of enhanced expression of NM23 on the differentiation capacity of keratinocytes in three-dimensional organotypic cultures, which allow full differentiation of HaCaT keratinocytes under an in vivo-like situation (Schoop et al., 1999) . Although stable overexpression of NM23-H1 in HaCaT keratinocytes resulted in upregulation of endogenous NM23-H2 protein in vitro, we did not find any differentiation abnormalities of these cell lines in organotypic cultures. This is surprising, since HaCaT cells simultaneously overexpressing recombinant NM23-H1 and -H2 formed a hyperthickened and abnormally differentiated epithelium (see below). A possible explanation for this discrepancy is a difference in the ratio between NM23-H1 and -H2. Thus, abnormal differentiation was only seen in cells transfected with the NM23-H2 expression vector or with both constructs, where NM23-H2 levels clearly exceeded those of NM23-H1 (see Figure 5 ). This hypothesis is consistent with our observation that the ratio between NM23-H2 and -H1 increased upon differentiation of primary keratinocytes in monoculture (Figure 7c ). It will be interestingly to determine if alterations in the levels of NM23H1 and H2 proteins are also associated with abnormalities in keratinocyte proliferation and differentiation in vivo, and the altered NM23 RNA levels seen in psoriatic skin support this possibility.
In adenocarcinomas of the lung, the H1/H2 ratio was significantly lower in well-differentiated than in moderately and poorly differentiated tumors (Sato et al., 2000) , further supporting the hypothesis that a change in the ratio of both proteins is important for the regulation of cellular differentiation. Interestingly, nm23-m2 but not -m1 was identified as a gene, which is upregulated by phorbol ester treatment and UV irradiation in hyperplastic mouse skin as well as in epidermal tumors induced by these chemical and physical insults (Wei et al., 2004) . Furthermore, overexpression of NM23-M2 in neoplastic epidermal cells increased the focus-forming activity of these cells and their efficiency of neoplastic transformation in soft agar (Wei et al., 2004) . These results further confirm our hypothesis that NM23-H2 is causally involved in the regulation of epidermal homeostasis, repair and disease and that NM23-H1 and -H2 exert different functions in a cell-type specific manner.
Materials and methods

Cell culture
The immortalized but non-tumorigenic human keratinocyte cell line HaCaT (Boukamp et al., 1988) was cultured in Dulbecco's modified Eagle's medium (DMEM, Sigma, Buchs, Switzerland) supplemented with 10% fetal calf serum (FCS, Amimed-BioConcept, Allschwil, Switzerland), 100 U/ml penicillin and 100 mg/ml streptomycin (Sigma). Cells were grown to confluence without changing the medium, rendered quiescent by a 16-20 h incubation in serum-free DMEM, and subsequently treated with recombinant human KGF (10 ng/ml medium, AMGEN, Thousand Oaks, CA, USA). They were harvested before and at different time points after KGF addition and used for RNA isolation or preparation of protein lysates.
In vitro differentiation of primary human keratinocytes Primary human keratinocytes were prepared as described previously (Rheinwald and Green, 1975) and cultured in keratinocyte serum-free medium (Invitrogen, Basel, Switzerland) supplemented with epidermal growth factor and bovine pituitary extract. For in vitro differentiation, cells were grown to 70% confluence, subsequently, the medium was replaced by keratinocyte basal medium (Cambrex, Verviers, Belgium) supplemented with hydrocortisone and gentamycin, according to the manufacturer's recommendations, but without any growth supplements. The cells were kept under these differentiation-promoting conditions up to 13 days, and the medium was changed every other day. The cells were harvested at different time points after induction of differentiation and the RNA was isolated.
Stable transfection of HaCaT cells
HaCaT cells were transfected with expression plasmids (pIRESneo, Invitrogen) that contain the NM23-H1 and NM23-H2 cDNAs, respectively, under the control of the cytomegalovirus promoter. DNA transfer into the cell was mediated by calcium phosphate as described by Chen and Okayama (1988) . For the selection of single clones, cells were trypsinized when they reached confluence, re-seeded at lower cell density (dilution 1:8), and incubated in medium containing 400 mg/l geneticin (G418, Invitrogen). G418-resistant colonies were isolated, expanded and analysed for the expression of NM23-H1 and/or NM23-H2. Transfected cells were cultured in G418-containing medium.
Wounding and preparation of wound tissue BALB/c mice (8-to 12-week-old) were anaesthetized by intraperitoneal injection of ketamine (75 mg/kg)/xylazine (5 mg/kg). Two full-thickness excisional wounds, 5 mm diameter, were made on either side of the dorsal midline by excising skin and panniculus carnosus as described by Werner et al. (1994) . Wounds were left uncovered and harvested at different time points after injury. For RNA isolation, the complete wounds including 2 mm of the epithelial margins were excised and immediately frozen in liquid nitrogen. Nonwounded back skin served as a control. All animal experiments were performed with permission from the local authorities of Zurich, Switzerland.
Human skin biopsies
Biopsies were obtained from stable psoriatic skin lesions located to the upper and lower extremities of psoriatic patients (n ¼ 8, age 30-80 years). Normal skin was obtained from skin transplants of patients attending the Dermatology Department for surgery (n ¼ 7, age 33-80 years). All samples included the dermis and the epidermis. The biopsies were immediately frozen in liquid nitrogen and stored at À801C until used for RNA isolation. None of the patients had received oral or topical treatment for the last 8 weeks before biopsy. All patients signed informed consent for the Department of Dermatology, University of Cologne, Germany, approved by the Institutional Commission of Ethics (Az. 9645/96).
RNA isolation and RPA RNA isolation and RPAs were performed as described by Chomczynski and Sacchi (1987) and by Werner et al. (1993) , respectively. All protection assays were carried out at least in duplicate with different sets of RNAs from independent experiments. The following templates were generated by RT- In situ hybridization Antisense and sense riboprobes were generated by in vitro transcription using 35 S-labeled UTP (1000 C i /mmol) and the NM23-M1 and NM23-M2 templates described above. Paraformaldehyde-fixed frozen sections (7 mm) from the middle of the wound were hybridized as described by Wilkinson et al. (1987) . After hybridization, sections were coated with NTB2 nuclear emulsion (Kodak), exposed in the dark at 41C for 3-4 weeks, developed, counterstained with hematoxylin & eosin and mounted.
Preparation of HaCaT protein lysates
HaCaT cells were lysed by adding 400 ml (per 10 cm dish) of lysis buffer (20 mM Tris/HCl pH 8.0, 1% (v/v) Triton X-100, 137 mM NaCl, 2 mM EDTA, 10% (v/v) glycerol, 1 mM PMSF, 0.15 U/ml Aprotinin, 1% Leupeptin, 1% Pepstatin). Cells were scraped off the dish and the lysates were sonicated.
Western blot analysis
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) and transferred to nitrocellulose filters. Antibody incubations were performed in 5% non-fat dry milk in TBS-T (10 mM Tris/HCl pH 8.0, 150 mM NaCl, 0.05% Tween-20). The following antibodies were used: anti-NM23-H1/H2 (NeoMarkers, Lab Vision, Freemont, CA, USA; diluted 1:200), anti-b-actin (Sigma, diluted 1:1000). Detection of proliferating cells by labeling with 5 0 -bromo-2 0 -deoxyuridine Cells were incubated with 100 mM 5 0 -bromo-2 0 -deoxyuridine (BrdU) (Sigma) in serum-free medium for 2 h. Subsequently, they were fixed in 4% PFA for 30 min. To permeabilize the cells and to denature the DNA, cells were incubated in 2 M HCl and 0.1% Triton 100 Â for 30 min, followed by a neutralization step with 0.1 M sodium borate for 5 min. Unspecific binding of the antibody was prevented by incubation with 1% BSA for 30 min. Afterwards cells were incubated overnight at 41C with a FITC-coupled monoclonal antibody directed against BrdU (Roche Diagnostics Ltd, Rotkreuz, Switzerland, diluted 1:10). In parallel, all nuclei were stained with propidium iodide (2 ng/ml). After three 10 min washes with PBS/0.2% Tween-20 cells were mounted with Mowiol. Finally, they were photographed with a Zeiss Axioplan fluorescence microscope.
Organotypic cultures were incubated in BrdU-containing medium (100 mM BrdU) for 2 h before harvesting. Cultures were fixed overnight at 41C in 95% ethanol/1% acetic acid and embedded in paraffin. Sections (7 mm) were incubated overnight at 41C with a peroxidase-conjugated monoclonal antibody directed against BrdU (Roche, diluted 1:10) and stained with the diaminobenzidine-peroxidase substrate kit (Vector Laboratories, CA, Burlingame, USA). Counterstaining was performed with hematoxylin.
Organotypic cultures
The preparation of organotypic cultures has been described previously (Schoop et al., 1999) . Briefly, type I collagen gel with integrated fibroblasts was prepared by mixing eight volumes of an ice-cold collagen I solution (4 mg/ml; rat tail tendon) with 1 volume 10 Â Hank's balanced salt solution containing phenol red. After neutralization with 2 M NaOH, 1 volume of a human dermal fibroblast suspension in FCS (2 Â 10 5 cells/ml final concentration) was added. Three ml of this mixture were poured into membrane filter inserts (3 mm pore size), placed in deep-well plates (both from BD Biosciences, Heidelberg, Germany) and gelled at 371C. After 1 h, glass rings (20 mm diameter) were gently pressed onto the gels to provide a defined area for epithelial growth. The gels were equilibrated in DMEM supplemented with 10% FCS and 50 mg/ml ascorbic acid. After 24 h, stably transfected HaCaT cell lines (10 6 cells per insert) were seeded inside the glass rings and after submersed incubation for 6 h, the cultures were exposed to the air by complete removal of the medium from the surface, followed by careful removal of the glass rings. Thereafter, the cultures were exclusively nourished from below through the collagen gel. Medium was changed every 2-3 days. Results were reproduced with a second independent clone of all transfectants.
